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Abstract 

A  supersonic  combustor  was  experimentally  investigated  using  both  conventional  instrumentation  and 
laser-based  diagnostics.  Planar  laser-induced  fluorescence  (PLIF)  imaging  of  OH  was  used  in  the  main  sec¬ 
tion  of  the  combustor  to  examine  flameholding  and  flame  propagation  during  a  series  of  evaluations  at 
conditions  simulating  Mach-5.5  flight.  Parameters  of  interest  in  this  study  included  the  angle  of  the  primary 
fuel  injectors,  the  distribution  of  fuel  throughout  the  combustor,  and  the  fuel  composition.  Changes  in  fuel- 
injection  angle  were  expected  to  influence  the  mixing  and  combustion  processes,  and  therefore  combustor 
operation.  Fuel-distribution  variations  were  expected  to  modify  the  flame  propagation  between  flamehold¬ 
ing  regions.  Finally,  ethylene  and  methane  were  used  to  examine  the  suitability  of  the  flameholder  designs 
over  a  wide  range  of  fuel  reactivity.  Results  suggest  that  the  combustor  provides  relatively  robust  flame¬ 
holding  regardless  of  the  fuel  used  and  good  flame  propagation  as  long  as  the  fuel  distribution  provides 
favorable  conditions  in  the  flameholding  regions.  In  addition,  the  results  show  that  the  primary  injectors 
can  be  useful  in  controlling  certain  aspects  of  combustor  operability. 

©  2009  Published  by  Elsevier  Inc.  on  behalf  of  The  Combustion  Institute. 
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1.  Introduction 

Scramjet  engines  provide  the  possibility  of 
airbreathing  hypersonic  flight.  To  maximize 
thrust,  these  engines  must  be  designed  to  provide 
adequate  mixing  and  combustion  over  a  short 
flow  path  to  overcome  drag  and  to  minimize 
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structure  weight.  This  is  a  significant  challenge 
because  the  residence  time  inside  the  combustor 
is  on  the  order  of  1  ms.  A  common  design  mech¬ 
anism  involves  anchoring  flames  in  lower  velocity 
regions,  behind  flow  obstructions  or  steps,  and  in 
wall  cavities  to  enable  the  flame  to  stabilize  and 
burn  without  blowing  off  [1].  As  the  main  flow 
interacts  with  these  recirculation  regions  across 
shear  layers,  the  majority  of  the  fuel-air  mixture 
is  ignited  and  burns  as  it  propagates  through  the 
combustor. 

This  work  continues  the  experimental  program 
on  scramjet  combustors  in  research  cell  22  at  the 


1540-7489/$  -  see  front  matter  ©  2009  Published  by  Elsevier  Inc.  on  behalf  of  The  Combustion  Institute, 
doi:  1 0. 1 0 1 6/j  .proci.2008 .06.209 


1 


2430 


M.  Ryan  et  al.  I  Proceedings  of  the  Combustion  Institute  32  (2009)  2429-2436 


Air  Force  Research  Laboratory  (AFRL).  Goals 
for  this  experiment  were  several,  including  a  better 
understanding  of  the  role  of  body  and  cowl  walls 
on  the  combustion  zone,  observation  of  the  influ¬ 
ences  of  fuel  reactivity  (via  changes  in  fuel  compo¬ 
sition)  on  scramjet  operation  and  performance, 
and  an  understanding  of  the  effects  of  primary- 
fuel-injection  angle  on  combustor  performance 
and  operability.  This  study  extends  previous  work 
to  include  the  role  of  body-to-cowl  coupling  (i.e., 
body  and  cowl-side  fuel  injection  and  flamehold¬ 
ing)  at  higher  Mach  numbers  and  with  different 
fuels. 

There  are  many  possibilities  for  fueling  [2^1] 
and  flameholding  [5-8]  schemes  inside  these  com¬ 
bustors.  For  this  experiment,  the  combustor  was 
operated  with  both  ethylene  and  methane  as  fuels. 
Ethylene  and  methane  were  selected  because  they 
essentially  bound  the  entire  range  of  hydrocar¬ 
bon-fuel  reactivity  (based  on  ignition  delay  time 
or  extinction  strain  rate)  [9,10].  Injection  and 
flameholding/combustor  geometry  were  chosen 
for  performance  reasons.  The  injection  scheme 
for  this  study  is  direct-wall  injection  through  an 
array  of  ports  along  the  combustor  (Fig.  1).  This 
provides  more  mixing  with  the  main  flow  than 
injection  inside  a  cavity,  with  a  lower  pressure  loss 
than  that  of  injection  behind  a  strut.  To  provide 
improved  mixing  with  the  air  supply,  multiple 
small  injection  ports  span  the  width  of  the  com¬ 
bustor.  Three  flameholding  regions  are  designed 
into  the  combustor,  with  fuel  injection  ports 
selectable  both  upstream  and  downstream  of  the 
main  flameholding  cavity  on  the  body-side  wall, 
and  just  upstream  of  the  step  on  the  cowl-side 
wall.  By  varying  fuel  flow  rate,  injection  angle, 
injection  placement,  and  fuel  choice,  observations 
can  be  made  on  the  effects  of  these  parameters  on 
the  viability  and  performance  of  this  combustor 
design. 

Ground-based  tests  of  scramjet  combustors 
normally  rely  on  global  measurements,  such  as 
thrust  (via  thrust  stand)  and  total  heat  release 
(via  calorimetry),  and  wall-based  sensors,  such 
as  thermocouples  and  pressure  transducers,  to 
determine  performance  and  operability  [11,12]. 
Concurrent  hydroxyl  (OH)  planar  laser-induced 


fluorescence  (PLIF)  imaging  provides  the  addi¬ 
tional  ability  to  examine  instantaneous  and  aver¬ 
aged  flame  structure  at  specific  positions  along 
the  combustor.  This  adds  insight  into  the  specific 
flow-field  and  reaction  zone  that  result  from 
changing  fuel  schemes  and  combustor  geometries. 

PLIF  of  the  OH  radical  is  a  well-established 
technique  for  study  of  the  reaction  zone  in  a  tur¬ 
bulent,  non-premixed  flame  [13].  Its  tendency  to 
persist  downstream  of  the  flame  front  at  super¬ 
equilibrium  concentrations,  especially  in  premixed 
flames,  limits  one  in  discerning  between  the  reac¬ 
tion  zone  and  hot  combustion  products.  However, 
the  OH  signal  can  be  used  as  a  reaction  progress 
variable  for  a  specific  performance  metric  and  also 
in  general  to  gain  insight  into  the  combustion 
dynamics  of  supersonic  combustors  [14-17]. 


2.  Experimental  apparatus 

2.1.  Facility 

The  direct-connect  supersonic  combustion 
facility  at  AFRL  [18-20]  is  continuously  supplied 
with  clean  air  up  to  13.6  kg/s  at  5.2  MPa  and 
920  K  total  pressure  and  temperature.  A  hydro¬ 
carbon-fueled  vitiator  can  further  heat  the  supply 
air  to  2500  K.  The  entire  combustor  is  mounted 
on  a  thrust  stand  to  measure  thrust.  In  addition 
the  facility  is  instrumented  with  multiple  pressure 
taps  and  thermocouples  for  evaluating  combustor 
performance.  Combustor  run  times  are  typically 
30  s  to  limit  heat  load  to  certain  combustor  com¬ 
ponents.  For  this  study  a  2D  Mach-2.84  facility 
nozzle  and  a  distortion  generator  [21]  were 
installed  to  simulate  an  engine  at  Mach- 5. 5  flight 
speed.  The  air  was  supplied  at  4.2  kg/s  and  had 
stagnation  conditions  of  1388  K  and  1.7  MPa. 

Within  the  combustor  a  flameholding  cavity  on 
the  body  (top)  side  is  recessed  from  the  surface 
with  a  90°  upstream  facing  step  and  a  22.5°  trail¬ 
ing  edge  ramp  (see  Fig.  1).  The  cavity  has  a  depth 
of  2.2  cm.  and  a  length  of  7.1  cm.  Fuel-injection 
ports  are  placed  upstream  and  downstream  of 
the  cavity  as  well  as  on  the  cowl  (bottom)  side  of 
the  combustor  at  the  cavity.  B1  and  B2  denote 


Fig.  1.  Combustor  geometry  showing  image  plane.  Image  is  taken  from  run  A. 
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inclined  (30°)  and  normal  injectors,  respectively, 
of  which  there  are  five,  each  separated  by 
3.8  cm.  There  are  four  B6  fuel  ports  normal  to 
the  wall,  also  3.8  cm  apart,  and  nine  normal  C3 
ports,  2  cm  apart.  Flameholding  expansion  steps 
are  placed  downstream  of  the  cavity  for  both  the 
body  and  cowl  side  of  the  combustor.  The  body- 
side  step  is  1.2  cm  deep,  spanning  the  width  of 
the  tunnel,  and  is  located  5.1  cm  downstream  of 
the  edge  of  the  cavity  ramp.  The  cowl- side  step 
is  1.3  cm  deep  and  is  located  8.1  cm  downstream 
of  the  cavity.  A  36-cm-long  quartz  window  is 
placed  on  one  side  of  the  combustor  downstream 
of  the  cavity  to  allow  both  laser  and  camera- view¬ 
ing  access  for  the  OH  PLIF  through  its  entire  7.6- 
cm  height.  Both  fuels  are  at  least  98%  pure;  addi¬ 
tionally,  while  the  ethylene  was  injected  near 
300  K,  the  methane  was  preheated  to  590  K.  Eth¬ 
ylene  was  injected  at  room  temperature  because  it 
requires  no  additional  heating  to  improve  its  reac¬ 
tivity  in  the  current  flow  environment.  Unheated 
methane,  however,  did  not  produce  sustainable 
flames.  The  preheat  temperature  of  590  K  is  a 
practical  limit  for  fuel  heater  operation  and  was 
approximately  the  minimum  value  required  for 
sustainable  flames. 

2.2.  OH  planar  laser  induced  fluorescence 

The  OH  PLIF  set-up  is  shown  in  Fig.  2.  The 
second  harmonic  of  a  10-Hz  Spectra  Physics 
GCR-170  Nd:YAG  laser  was  used  to  pump  a 
Lumonics  Hyperdye  dye  laser.  The  resulting  dye 
laser  beam  was  then  frequency  doubled  using  an 
Inrad  Autotracker  III  to  produce  ~10mJ/pulse 
at  283.5  nm.  The  doubled  567  nm  dye  beam 
matched  the  wavelength  for  the  gi(8)  transition 
of  the  A2Z+  <-  X2n  (if  =  l,v"  =  0)  band  of  OH. 
The  pump  transition  was  a  compromise  between 
reasonable  signal  and  insensitivity  to  temperature 
change.  The  desired  pump  beam  was  separated 
from  the  fundamental  dye  beam  by  way  of  a  pris¬ 
matic  harmonic  separator.  A  small  portion  of  the 
beam  was  directed  over  a  reference  flame  and  then 
to  a  fast  photodiode  by  way  of  a  fused-silica  flat  to 


i 


Fig.  2.  OH  PLIF  set-up. 


enable  constant  monitoring  of  laser  tuning  and 
pulse  energy.  The  sheet  was  formed  by  first  send¬ 
ing  the  beam  through  a  —5  cm  focal  length  plano¬ 
concave  fused  silica  lens  then  through  a  1  m  focal 
length  biconvex  spherical  fused  silica  lens;  this 
telescope  provided  a  well-expanded  laser  sheet 
that  was  reasonably  uniform  in  irradiance  over 
the  entire  combustor  height.  Limited  optical 
access  to  the  combustor  resulted  in  sending  the 
beam  through  the  same  window  through  which 
the  camera  viewed  the  fluorescence.  The  focusing 
lens  and  final  turning  mirror  were  located  on  a 
translation  table  as  was  the  camera,  enabling 
translation  of  the  probe  region;  however,  for  these 
measurements  the  probe  plane  location  was  main¬ 
tained  at  5.7  cm  downstream  of  the  cowl-side  step. 

The  camera  was  a  Roper  Scientific  Pi-Max 
intensified  CCD  camera  (512  x  512  pixel  array) 
with  a  Superblue  photocathode;  the  pixels  were 
binned  2x2  before  readout  so  that  the  camera 
could  achieve  a  10  frames/s  readout,  thus  match¬ 
ing  the  laser  repetition  rate.  The  intensifier  was 
gated  to  100  ns  for  each  exposure;  additionally, 
the  intensifier’s  micro-channel  plate  was  gated  to 
further  reduce  the  strong  flame  emission.  The 
Cerco  45-mm  focal  length,  // 1.8  UV  lens  was 
placed  on  a  Scheimpflug  mount  so  that  the  laser 
sheet  throughout  the  depth  of  the  combustor 
was  focused.  UG5  and  WG305  Schott  glass  filters 
were  placed  on  the  lens  to  allow  detection  of  the 
A-X  (v'  =  l,v"  =  1)  and  (0,0)  band  fluorescence  - 
where  the  vf  =  0  level  is  populated  through 
vibrational  energy  transfer  -  while  blocking  laser 
scattering,  (1,0)  band  fluorescence,  and  back¬ 
ground  flame  luminosity.  Because  of  the  limited 
optical  access,  the  camera  was  only  able  to  view 
the  half  of  the  combustor  closest  to  the  window. 
A  representative  OH  PLIF  image  with  the  flow- 
path  geometry  is  shown  in  Fig.  1.  A  series  of  200 
images  was  taken  for  each  fueling  condition,  after 
combustion  had  reached  a  steady  state.  The  first 
20  images  of  that  sequence  were  taken  with  the 
laser  shuttered  off  for  background  luminosity  sub¬ 
traction.  The  images  were  de-warped ,  i.e.,  corrected 
for  perspective  distortion,  using  a  projective  trans¬ 
formation  after  determining  the  field  of  view  by 
imaging  a  grid  of  dots  at  the  laser  plane. 


3.  Results 

The  fueling  parameters  of  the  runs  to  be  dis¬ 
cussed  are  shown  in  Table  1.  This  is  a  representa¬ 
tive  group  that  shows  the  general  trends  in  the 
data.  A  broad  test  matrix  was  explored  (including 
various  fuel  mixtures  between  ethylene  and  meth¬ 
ane)  but  for  brevity,  only  certain  cases  were 
selected  for  inclusion  in  this  paper.  Uncertainties 
for  combustor  fuel  flow  rate  and  equivalence  ratio 
are  ±0.6%  and  ±2.5%  of  reading,  respectively. 
The  effect  of  primary-injector  angle  was  compared 
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Table  1 

Fueling  parameters  used  for  OH  PLIF  imaging 
Run  Fuel  Total  $  Fuel  distribution  (%) 


B1  B2  B6  C3 


A 

Ethylene 

0.80 

49 

25 

26 

B 

Ethylene 

0.68 

42 

29 

30 

C 

Ethylene 

0.40 

100 

D 

Ethylene 

0.81 

50 

24 

26 

E 

Ethylene 

0.69 

43 

27 

29 

F 

Methane 

0.79 

49 

25 

26 

directly  using  cases  A  and  D  (at  high  overall  0 
and  high  percentage  from  the  primary  injectors) 
and  cases  B  and  E  (at  lower  overall  0  and  lower 
percentage  from  the  primary  injectors).  The  influ¬ 
ence  of  fuel  composition  is  compared  in  cases  D 
and  F.  The  influence  of  adding  secondary  fuel  is 
observed  by  comparing  cases  C  and  D. 

3.1.  OH  PLIF  imaging 

Sample  instantaneous,  de-warped  PLIF  images 
can  be  seen  in  Figs.  3  and  4,  from  runs  D  and  F, 
respectively.  Note  that  the  laser  sheet  is  not  square 
because  there  is  a  lip  on  the  bottom  of  the  window 
and  the  sheet  is  tilted  slightly  downwards.  These 
images  are  characteristic  of  most  images  taken 
for  this  study.  There  is  a  large  range  of  scales  seen 


Fig.  3.  Individual  images  from  run  D. 


Fig.  4.  Individual  images  from  run  F. 


in  the  fluid  structures  that  contain  OH.  When 
fueled  on  the  cowl  side,  there  is  a  large  region  near 
the  bottom  wall  of  the  combustor  that  contains 
the  flame  or  combustion  products.  The  region  just 
above  this  typically  has  intermittent  smaller  struc¬ 
tures  propagating  through  it.  At  the  top  of  the 
images,  the  probability  of  finding  OH  depends 
on  where  the  body  side  is  fueled;  for  example, 
the  probability  is  lower  directly  downstream  of 
the  B6  injectors.  The  turbulent  nature  of  the  flow 
exhibits  itself  by  the  convoluted  edges  of  the  flow 
structures  containing  OH. 

Of  course,  OH  on  the  right  side  of  the  image 
absorbs  laser  energy,  thereby  decreasing  the  signal 
on  the  left  side.  Also,  the  left  side  of  the  image  is 
more  strongly  affected  by  fluorescence  trapping. 
The  path  length  of  the  fluorescence  from  the  left 
side  of  the  image  through  the  combustor  to  the 
detector  is  20-30  cm.  An  additional  problem  with 
signal  consistency  from  run  to  run  is  slight  abra¬ 
sion  of  the  inside  window  surface  during  each 
run,  blurring  the  image  and  potentially  distorting 
the  laser  sheet.  For  this  particular  set  of  measure¬ 
ments,  the  window  was  replaced  just  once,  after 
the  surface  polish  had  degraded  beyond  an  accept¬ 
able  level. 

Statistical  images  were  compiled  for  each  run, 
with  the  average  signal,  SUF ,  and  standard  devia¬ 
tion  divided  by  average  signal,  o  =  <7/ SL iF,  being 
calculated.  All  of  these  images  are  displayed  in 
Fig.  5,  with  the  average  image  on  the  left  of  the  cor¬ 
responding  scaled-standard-deviation  image  in 
each  pairing.  Because  of  the  significant  absorption 
of  both  laser  energy  and  fluorescence  signal,  the 
intensities  of  OH  detected  by  the  camera  are  not 
uniform  across  the  image.  Normalizing  the  stan¬ 
dard  deviation  images  helps  account  for  the  lower 
average  signal  on  the  left  side  of  the  image.  How¬ 
ever,  this  approach  can  create  artifacts  of  low  val¬ 
ues  where  the  average  fluorescence  intensity  is  high. 

With  cowl-side  fueling  (all  runs  except  C), 
there  is  a  large  average  amount  of  OH  at  the  floor 
of  the  combustor.  This  shows  the  burning  local  to 
the  cowl  side  as  the  mixed  fuel  and  air  propagate 
over  the  flame  that  is  sustained  in  the  recirculation 
region  behind  the  step.  The  laser  sheet  location, 
5.7  cm  downstream  of  the  cowl-side  step,  is  down¬ 
stream  of  this  recirculation  region.  The  dark 
region  directly  above  this  is  the  edge  of  that  burn¬ 
ing  region;  of  course,  the  exact  location  of  this 
boundary  fluctuates,  leading  to  an  increase  in  er. 
At  the  top  of  the  average  images,  near  the  body- 
side  surface,  SUf  oscillates  from  light  to  dark 
across  the  image.  The  dark  regions  indicate  the 
presence  of  the  fuel-rich  plume  behind  the  B6 
injectors.  However,  when  fuel  is  supplied  only  at 
B2,  as  in  run  C,  the  OH  is  more  uniform  across 
this  region.  This  pattern  can  also  be  seen  for  the 
cowl-side  injectors,  although  it  is  less  distinct, 
since  the  injectors  are  smaller  and  further 
upstream  relative  to  the  image  plane. 
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Fig.  5.  Mean  and  scaled-standard-deviation  images  (left  and  right,  respectively)  for  each  run  described  in  Table  1. 


In  between  the  body  and  cowl  wall  regions, 
there  is  a  much  lower  Suf  and  a  much  larger  o 
directly  above  the  cowl-side  flame,  indicating  that 
combustion  is  less  likely  to  be  found  in  this  region. 
Above  this,  but  below  the  fluid  associated  with  the 
body-side  injectors,  there  seems  to  be  very  little 
structure  in  the  Suf,  along  with  relatively  con¬ 
stant  values  of  o. 

The  flame  spreading  observations  are  different 
when  fuel  is  only  supplied  at  B2  (run  C).  There  is  a 
line  of  slightly  higher  OH  fluorescence  on  the  cowl 
side,  but  this  is  probably  due  to  the  recompression 
shock  behind  the  cowl-side  step.  Above  this  line 
there  is  gradually  increasing  OH  signal  to  the 
top  wall.  Suf  decreases  across  the  duct  from  right 
to  left,  which  is  consistent  with  a  relatively  con¬ 
stant  average  OH  number  density  where  fluores¬ 
cence  signal  is  reduced  by  laser  absorption  and 
fluorescence  trapping.  In  this  same  region  a  is  rel¬ 
atively  constant,  except  at  the  window  (side  wall). 
This  indicates  that  turbulent  mixing  carries  the 
fuel  across  the  entire  span  on  average,  and  trans¬ 
ports  it  with  a  decreasing  degree  downwards  to 
the  cowl-side  wall.  Suf  values  are  slightly  lower 
for  this  case  than  cases  where  fuel  is  injected 
through  B6  and  C3. 

When  changing  the  angle  of  the  main  fuel 
injectors  from  30°  to  90°  while  keeping  the  fuel 
flow  rate  constant,  between  cases  A  ->  D  and 
B  ->  E,  very  little  difference  is  observed  in  the 
PLIF  images.  Images  of  SUf  and  a  include  the 
same  structures  with  similar  sizes.  It  is  possible 
that  the  values  are  slightly  different,  but  because 
the  pump  fluence  for  OH  fluorescence  depends 
on  the  window  quality  and  laser-beam  absorption, 
modest  differences  are  difficult  to  discern. 

Runs  D  and  F  show  the  respective  differences 
between  fueling  the  combustor  with  ethylene  and 
methane  (with  (j)  held  constant).  Although  not 


indicated  by  the  figure,  the  peak  instantaneous 
and  average  signal  levels  for  methane  were  less 
than  half  that  for  ethylene.  The  structure  of  the 
average  OH  signal  is  very  similar,  with  the  bright 
region  at  the  cowl-side  wall  indicative  of  the  flame 
held  there.  Also,  in  both  cases  the  fuel-rich  plume 
near  the  body-side  wall  is  evident  from  the 
absence  of  OH.  However,  the  o  images  are  much 
different.  At  the  cowl-side  wall,  where  there  is  little 
intermittency  with  ethylene,  a  large  amount  of 
intermittency  exists  with  methane.  This  is  also 
the  case  for  the  region  in  the  top  right  of  the 
images.  This,  of  course,  reflects  the  greater  diffi¬ 
culty  in  burning  methane  in  a  scramjet  combustor. 
Nonetheless,  combustion  efficiency,  derived  from 
thrust  measurements,  with  methane  fueling  is  sur¬ 
prisingly  high,  ~80%,  and  equal  to  that  with 
ethylene. 

3.2.  Combustor  pressure  distributions 

Figure  6  shows  the  measured  combustor  pres¬ 
sure  distributions  for  several  cases  along  with 
the  duct  geometry  for  reference.  The  plot  presents 
the  measured  wall  static  pressure  scaled  by  the 
mass  flux  of  the  air  stream  as  a  function  of  the 
normalized  axial  position  x/H,  where  H  is  the 
height  of  the  combustor  flowpath  at  the  engine 
throat  location  (x/H  =  0).  Each  distribution  con¬ 
tains  measured  static  pressures  from  taps  on  the 
top,  bottom,  and  both  side  walls.  The  data  were 
time-averaged  to  some  degree  (pneumatic 
response  through  6-foot  long  nylon  pressure  lines) 
and  single  time  profiles  of  data  taken  at  1  Hz  are 
shown.  Pressure  measurement  uncertainty  is 
approximately  ±0.1%  of  reading. 

Seven  pressure  distributions  are  shown  in  the 
plot.  The  tare  measurements  were  obtained  at 
the  desired  combustor  operating  conditions,  but 
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Fig.  6.  Combustor  pressure  distributions.  Measured 
wall  pressure  is  scaled  by  the  air  stream  mass  flux  and 
axial  position  is  normalized  by  the  combustor  flowpath 
height  at  the  engine  throat  location  (x/H  =  0).  The 
flowpath  is  shown  for  reference.  Details  of  the  various 
combustion  cases,  including  fuel  type,  fuel  distribution, 
and  overall  </>,  are  shown. 


with  no  fuel  injection.  This  distribution  serves  as  a 
reference  for  cases  where  fuel  injection  and  com¬ 
bustion  were  present.  Five  combustion  cases  with 
ethylene  and  one  with  methane  (see  Table  1),  are 
also  represented  in  the  plot.  Cases  A,  C,  D,  and 
F  have  the  same  fuel  mass  flow  rate  from  the  pri¬ 
mary  injection  site  (either  B1  or  B2);  cases  B  and 
E  have  28%  less  fuel  through  the  primary  injectors 
while  matching  the  flow  rate  through  the  second¬ 
ary  injectors  to  cases  A  and  D.  Cases  A  and  D 
compare  the  operating  characteristics  associated 
with  B1  and  B2  injection  for  an  overall  equiva¬ 
lence  ratio  of  0  =  0.8.  Both  cases  exhibit  strong 
combustion  in  all  of  the  flameholding  regions  as 
evidenced  by  the  large  pressure  rises  near  x/ 
H=\2  and  x/H  =  20.  In  case  D,  however,  the 
pre-combustion  pressure  rise  is  observed  to  start 
at  a  position  well  upstream  of  x/H  =  0.  This  con¬ 
dition,  commonly  called  unstart  because  the  shock 
train  that  is  generated  as  a  result  of  the  pressure 
rise  is  positioned  upstream  of  the  engine  throat, 
arises  as  a  result  of  too  much  heat  release  in  the 
region  near  the  cavity  flameholder.  Based  on  this 
observation,  it  appears  that  B2  injection  at  these 


conditions  produces  slightly  improved  mixing 
and  combustion  compared  with  B1  injection.  In 
these  two  cases,  the  pressure  measurements  down¬ 
stream  of  the  cavity  flameholder  are  nearly  indis¬ 
tinguishable  from  one  another.  This  suggests  that 
the  top  and  bottom  wall-step  flameholders  are  rel¬ 
atively  insensitive  to  the  differences  associated 
with  the  upstream  injectors.  The  OH  PLIF  images 
taken  downstream  of  the  steps  support  this  obser¬ 
vation  in  that  they  show  only  slight  differences 
between  the  two  injection  schemes. 

The  pressure  measurements  downstream  of 
the  step  flameholders  for  cases  B  and  E  are 
indistinguishable  from  cases  A  and  D.  This  fur¬ 
ther  supports  the  observation  that  these  step 
flameholders  are  insensitive  to  differences  in 
upstream  injection.  For  case  B,  the  pressures 
upstream  of  the  cavity  flameholder  are  lower 
than  in  case  A,  which  is  consistent  with  lower 
fuel  flow  rate  in  that  region.  Also,  with  the 
lower  upstream  fuel  injection  for  case  E,  unstart 
is  not  observed  as  it  was  in  case  D,  and  the 
pressures  upstream  of  the  cavity  are  similar  to 
those  in  case  A  where  the  fuel  flow  rate  is  higher 
and  the  injection  angle  is  lower. 

For  the  case  with  B2-only  injection  (case  C),  an 
unstarted  condition  is  again  observed.  The  pres¬ 
sure  data  in  the  primary  flameholding  region 
compare  very  closely  with  the  previous  ethylene- 
injection  case  using  B2.  Here,  however,  the 
pressure  rise  associated  with  the  downstream 
flameholding  region  is  substantially  suppressed 
compared  with  either  of  the  previous  cases.  This 
shows  the  effectiveness  of  fueling  the  downstream 
region  using  both  B6  and  C3  injection  sites,  and 
the  unstart  phenomenon’s  lack  of  dependence  on 
fueling  from  these  sites.  The  reduction  in  pressure 
rise  downstream  of  the  flameholding  steps  sug¬ 
gests  that  a  large  portion  of  OH  fluorescence  sig¬ 
nal  for  this  case  is  a  result  of  combustion  products 
convected  into  the  laser  sheet. 

Finally,  one  can  compare  the  characteristics 
of  the  pressure  distribution  from  case  F  with 
the  one  resulting  from  case  D.  In  these  two 
cases,  the  fuel  distributions  and  overall  values 
of  (j)  are  essentially  identical.  The  pressure  dis¬ 
tributions  reveal  the  influence  of  fuel  reactivity 
on  combustor  operation.  Methane  injection 
results  in  a  weakening  of  the  primary  combus¬ 
tion  zone,  as  suggested  by  the  downstream  shift 
in  the  position  of  the  pre-combustion  pressure 
rise  (in  fact,  the  pressure  rise  in  the  methane 
case  also  begins  downstream  of  that  associated 
with  ethylene  injection  using  Bl).  There  is  also 
a  slight  decrease  in  the  measured  pressures  near 
the  step  flameholders  (near  x/H  =  IS)  that  is 
probably  a  result  of  decreased  reactivity  of 
methane  relative  to  ethylene.  This  is  supported 
by  the  OH  imaging  where  the  OH  is  more  inter¬ 
mittent  behind  these  flameholding  regions  with 
methane  fueling. 
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3.3.  Combustor  performance 

Figure  7  shows  combustion  efficiency  derived 
from  the  thrust  measurements.  A  combustor  per¬ 
formance  code  solves  the  ID  mass,  momentum, 
and  energy  conservation  equations,  along  with 
the  state  equation  using  measurements  of  reactant 
properties  (temperatures  and  mass  flow  rates), 
load-cell  force,  heat  loss,  and  ambient,  base,  and 
exit  pressures.  Four  unknowns  remain  at  the  com¬ 
bustor  exit:  density,  enthalpy,  velocity,  and  mass 
fraction  of  unburned  fuel.  Velocity  is  determined 
directly  from  the  momentum  conservation  equa¬ 
tion.  This  allows  the  density  and  enthalpy  to  be 
determined  directly  from  the  mass  and  energy 
conservation  equations,  respectively.  Finally,  the 
mass  fraction  of  unburned  fuel  (  Ff)  is  iteratively 
determined  using  a  chemical  equilibrium  package 
and  the  state  equation,  where  Ff  is  varied  until 
the  density  from  the  state  equation  converges  to 
the  density  determined  from  mass  conservation. 
Combustion  efficiency  is  computed  as  1  —  TF. 
This  in-house  approach  to  calculating  combustion 
efficiency  is  compared  with  established 
approaches  in  the  community  (RJPA  and 
GASL-1D)  by  Donbar  et  al.  [22]  and  is  shown 
to  be  in  excellent  agreement. 

Results  are  presented  for  ethylene  and  methane 
combustion  cases,  including  runs  not  shown  with 
the  OH  images  and  pressure  traces.  Uncertainty 
in  combustion  efficiency  is  ±4%  of  reading  (e.g., 
£c  =  0.80  dz  0.03).  In  cases  with  ethylene  fueling, 
fuel  injected  from  the  primary  site  (B1  or  B2) 
was  (j) primary  =  0.3  (recall  that  higher  fueling  rates 
from  B2  can  unstart  the  combustor).  The  remain¬ 
ing  fuel  (c j>  —  (^primary)  was  delivered  to  the  B6  and 
C3  injection  sites  in  equal  proportions.  Combus- 
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Fig.  7.  Combustor  performance.  Combustion  efficiency 
is  shown  as  a  function  of  overall  4>  with  fuel  (ethylene  vs. 
methane)  and  primary  fuel  injection  site  (B1  or  B2)  as 
variables.  Note  that  for  each  ethylene  case,  the  f  from 
the  primary  fuel  injection  site  was  held  constant  at  0.3 
and  the  balance  of  the  fuel  was  split  equally  between  B6 
and  C3.  For  the  methane  case,  the  primary  fuel  injection 
site  had  </>  =  0.4  with  the  balance  again  split  equally 
between  B6  and  C3. 


tion  performance  is  observed  to  vary  somewhat 
with  overall  </>  for  the  ethylene  cases,  with  increas¬ 
ing  values  of  combustion  efficiency  being  obtained 
at  lower  values  of  overall  (j).  Cases  using  B2  as  the 
primary  fuel  injection  site  typically  outperform 
those  using  B1  as  the  primary  injection  site  by 
about  3%  points,  except  for  the  lowest  overall  (j) 
where  the  results  are  nearly  identical.  This  obser¬ 
vation  is  consistent  with  the  pressure  distributions 
shown  in  Fig.  6,  where  B2  injection  appears  to 
produce  better  mixing  and  combustion  in  the  pri¬ 
mary  flameholding  region. 

One  case  from  methane  injection  is  shown  for 
comparison.  Here,  the  overall  </>  was  ~0.8,  but 
the  amount  of  fuel  injected  from  the  primary 
injection  site  (B2)  was  slightly  higher  (0primary  = 
0.4)  than  with  the  ethylene  cases  (^primary  =  0.3). 
Combustion  performance  was  found  to  compare 
favorably  with  the  ethylene  results.  So,  while  the 
flameholding  appears  better  with  ethylene  vs. 
methane  (from  both  OH  distributions  and  wall 
pressures),  flameholding  is  still  sufficient  with 
methane  to  produce  equivalent  combustor  perfor¬ 
mance  for  this  combustor  under  the  tested 
conditions. 


4.  Conclusions 

1.  The  individual  OH  PLIF  images  indicate  the 
flame  front  in  the  supersonic  combustor  is 
extremely  dynamic  in  nature. 

2.  In  cases  where  fuel  is  also  injected  on  the  cowl 
side,  the  cowl-side  step  performs  well  in 
anchoring  the  flame.  Ethylene  shows  better 
flameholding  characteristics  than  does  meth¬ 
ane,  probably  because  of  ethylene’s  greater 
reactivity. 

3.  Average  planar  laser-induced  fluorescence 
images  of  OH  show  that  12  cm  downstream 
of  the  B6  injectors,  a  high  fuel  concentration 
region  is  still  visible  behind  the  injectors.  This 
indicates  that  fuel  is  still  mixing  well  past  the 
flameholding  step. 

4.  Normal  injection  (B2)  shows  slightly  better 
performance  than  injection  at  an  angle  of  30° 
(Bi). 

5.  Fueling  downstream  of  the  main  flameholding 
cavity  (B6  and  C3)  creates  higher  pressures  at 
the  combustor  exit,  and  thus  yields  better  com¬ 
bustor  performance,  and  does  not  lead  to  com¬ 
bustor  unstart. 

6.  While  most  of  the  data  are  with  ethylene  fuel¬ 
ing,  the  combustor  was  run  with  heated  meth¬ 
ane.  In  general  similar  burning  patterns  were 
observed  in  the  PLIF  images  with  methane 
vs.  ethylene  fueling.  The  only  significant  differ¬ 
ences  observed  were  that  the  pressure  rise  in 
the  cavity  region  was  delayed  and  the  cowl 
flameholding  was  less  stable  in  the  case  of 
methane  fueling. 


7 


2436 


M.  Ryan  et  al.  /  Proceedings  of  the  Combustion  Institute  32  ( 2009 )  2429-2436 


7.  Combustion  efficiency  decreases  slightly  with 
increasing  equivalence  ratio,  from  ~82%  at  </> 
=  0.6  to  ~72%  at  (j)  =  0.9;  combustion  effi¬ 
ciency  with  methane  fueling  compares  favor¬ 
ably  with  that  using  ethylene  (~80%)  for  the 
one  condition  tested. 
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